ABSTRACT: Gangue concrete filled steel tube is a new composite system which has advantages of remarkable earthquake-resistant property and economical efficiency. However, few researches have been done with respect to the behavior of the composite system. Therefore, based on proper material constitutive models and reasonable contact models among different materials, the paper has developed finite element analysis models of rebar-penetrated connection between gangue concrete filled steel tubular column and reinforced gangue concrete beam using software ABAQUS 6.10. Furthermore, finite element analysis results are verified by experiments, demonstrating that the load-displacement curves computed by ABAQUS agree with experimental curves very well and finite element analysis models are reliable to analyze the behavior of the rebar-penetrated connection. Then, these models are used to conduct stress analysis on the composite connection to investigate the failure modes and the force-transferring mechanism. The analysis results show that the rebar-penetrated connection, with full and spindle-shaped load-displacement hysteretic curve, has the reasonable force-transferring route and good energy-dissipation capacity. Finally, the effects of axial load level, stiffness ratio of beam and column, steel ratio and compressive strength of gangue concrete on the behavior of the connection are investigated on the basis of the different models by changing the parameters.
INTRODUCTION
Gangue concrete filled steel tubular (GCFST) column is a new and promising structure in the whole concrete filled steel tubes (CFST) families [1] . The normal concrete is replaced by the gangue concrete to fill in the steel tube. The GCFST column not only keeps advantages of high earthquake-resistant performance of the CFST column, but also possesses prominent merits of less weight and economic efficiency [2] . Owing to less apparent density of the gangue concrete than the normal concrete, the weight of gangue concrete is reduced by as much as 20 percent. More important is that the lateral deformation characteristic of gangue concrete is superior to the normal concrete. It is more helpful to give full play to the confinement effect of the steel tube on the core gangue concrete and improve the bearing capacity of the column [3] . Moreover, the connection between column and beam is the most essential component of the composite column-beam structure. The performance of the connection is key to the accuracy of the force-transferring route and the safety of the whole building [4] . And numerous severe damages of the connections have been occurred around the world, especially in the severe earthquake [5] [6] . These damages of the connection resulted in large-loss collapse of the structure. Therefore, it is vital and worthy to investigate the behavior of the connection between GCFST column and reinforced gangue concrete (RGC) beam under the cyclic loading.
In the past years, many designers and scholars proposed different kinds of the connections between CFST column and reinforced concrete (RC) beam and made various researches on these connections. J. Beutel and D. Thambiratnam [7] made an experimental research on the connection between CFST column and compound beam. Based on the analysis of the failure mode and stress distribution under low cyclic reversed loading, the connection was proved to have high strength and good ductility. Kawaguchi Jun and Morino Shosuke [8] conducted the experiment and finite element analysis on the CFST frame under the vertical reversed loading to analyze the force-transferring mechanism and strength deterioration of the frame. Jian Cai and Chun Yang [9] made an experimental study on the CFST column-beam connection with piercing reinforcing bar to analyze bearing capacity and failure mode. The study showed that the connection has the good and reliable mechanical performance. Guohuang Yao and Yiyan Chen [10] [11] proposed a new type of connection between CFST column and RC beam and also made the analysis on the failure process, failure mode and energy dissipation capacity according to experimental research and finite element analysis. However, there is little research on the behavior of the connection between GCFST column and RGC beam. To conduct the study of the connection between GCFST column and RGC beam is an excellent method to fill in the blank of the field.
The paper presents a new type of connection between GCFST column and RGC beam, which can be regarded as a typical rebar-penetrated connection [12] . Based on experimental conditions, the paper creates finite element analysis models of the rebar-penetrated connection between GCFST column and RGC beam. In addition, finite element analysis results are verified by experiments to determine the accuracy of the models. Then, stress analysis on the rebar-penetrated connection is conducted under the low cyclic reversed loading to study the failure modes and force-transferring mechanism. The load-displacement hysteretic curves of the rebar-penetrated connection are calculated and drawn. Finally, the effects of some typical parameters on the behavior of the connection are investigated with different finite element models. The parameters include axial load level, steel ratio, compressive strength of gangue concrete and so forth.
FINITE ELEMENT MODEL

Material Constitutive Model
Gangue concrete
In order to simulate reasonably stiffness deterioration of the concrete, the concrete plastic damage model provided by ABAQUS 6.10 is used to simulate the concrete material [13] . For the compressive zone of the gangue concrete filled in the tube, owing to the constraint effect of tube on the gangue concrete, the gangue concrete is subjected to three-dimensional compressive stress. So the stress-strain relationship curve of the light aggregate concrete filled in steel tube proposed by Bohai Ji [14] is applied to simulation on the property of the gangue concrete filled in tube. For the compressive zone of the unrestrained gangue concrete, the stress-strain relationship curve of light aggregate concrete provided by Southeast University [15] is used, shown in the Figure 1 . Because this relationship curve can make the computation easy to converge and also finite element analysis results computed by using the model conform well to the experimental results. The energy fracture criterion [16] can define the softening property of the concrete and enhance the convergence of computation. Hence, the fracture energy (Gf)-crack displacement relation curve is chosen to simulate the property of the gangue concrete in the tensile zone, shown in the Figure 2 . 
Steel
For the steel of tube and strengthening ring, the stress-strain relationship curve of steel under cyclic loading [17] is applied, shown in the Figure 3 . In addition, as Bauschinger effect [18] has an important influence on the bearing capacity of the connection, the Kinematic Hardening model with a von Mises yield surface [19] is applied in the constitutive model of steel. On the basis of many trials and previous researches, the double linear model with bearing capacity deterioration (USTEEL02) in the hysteretic constitutive model collection (PQ-Fiber) proposed by Tsinghua University [20] is used to simulate on the property of the rebar embedded in the gangue concrete beam. The model (USTEEL02) can present the hysteretic behavior of the rebar under cyclic loading and simulate the bond slip between rebar and gangue concrete. In the meanwhile, this model is easy to ensure the convergence of the computation and the accuracy of the finite element analysis results. 
Element and Mesh
The 8-node brick element with reduced integration (C3D8R) is used as the element model to create the gangue concrete. The mapping self-customized meshing is chosen to mesh the gangue concrete. The continuous shell element is used for the steel and the type of element is the four-node conventional shell element with reduced integration (S4R). Truss element is applied to emulation of the rebar embedded in the beam. Figure 4 shows the finite element analysis model of the rebar-penetrated connection. In order to be same as boundary conditions in the experiment, all degrees of freedom except the rotation around y axis in the bottom of the column are constrained. The displacements in x, y direction and the rotations around x, z axes in the top of column are constrained to simulate the pinned connection. During the process of computation, the concentrated force is applied in the top of the column and two displacements with the same magnitude but the opposite direction are applied on both beam ends.
Contact Model
The contact model between tube and core gangue concrete is composed of the contact in both the normal direction and the tangential direction. Hard contact is adopted to simulate the contact in the normal direction so as to transfer fully the compressive stress between the contact surfaces. Coulomb friction model [21] is applied to simulation of the tangential force. In the model, the penalty friction formula with the elastic slip is used to compute the tangential force. The friction coefficient between the steel and gangue concrete column is taken as 0.6 [22] . As the plate in the top and bottom of the column only transfers the compressive stress in the normal direction, the plate is assumed as elastic plate with large stiffness to simulate the bases. The elastic modulus is defined as 1×10 12 MPa and Possion's ratio is 0.0001 [23] . The shell-to-solid coupling is used to simulate the contact model between the plate and tube, while the hard contact is applied to contact model between the plate and gangue concrete filled in the tube [24] . Figure 5 shows failure modes of the rebar-penetrated connection in the finite element analysis and the experiment under low cyclic reversed loading. It is clear that, the failure mode received in the finite element analysis achieves a good agreement with those in the experiment. The collapse of the composite structure is due to the shear fracture of the reinforced gangue concrete beam, but the core region of the connection is not out of work and the collapse is not appeared in the GCFST column. This demonstrates that the rebar-penetrated connection between GCFST column and RGC beam has large stiffness and high strength to maintain the safety and stability of the whole building under the severe earthquake. Owing to the plastic hinge in the RC beam, the composite structure is collapsed with the shear fracture. These meet the design ideas of code for seismic design of buildings (GB50011-2010) that "strong column and week beam, strong connection and week members" [25] . In order to verify the feasibility of finite element analysis models created using ABAQUS and the accuracy of finite element analysis results, finite element analysis results under low cyclic reversed loading are compared and analyzed with experimental results. Figure 6 shows the comparison of load (P)-displacement (Δ) hysteretic curves of exterior connection with one beam and interior connection with two beams between finite element analysis results and experimental results.
Load-Displacement Hysteretic Curve
From Figure 6 , it is clear that the stiffness and bearing capacity of the connection in the finite element analysis are consistent with the experimental values. However, the experimental curves have the obvious pinch effect phenomenon, while the computation curves are relatively fuller than the experimental curves. So, the shapes of the finite element analysis curves are a little different from experimental curves. But the whole changing trends of finite element analysis curves are accurate and reasonable, which are the same as the experimental curves.
The reasons to result in the difference between finite element analysis curves and experimental curves include: (1) the constitutive model of the gangue concrete used in the paper has some problems in simulating the large bond-slip between rebar and gangue concrete and the crack contact effect of the gangue concrete. At present, few research and analysis are investigated on the constitutive model of gangue concrete. Especially, no studies on the constitutive model of gangue concrete under cyclic loading have been done. However, the crack contact effect of the concrete generated by cyclic load makes a significant influence on the mechanical property of the concrete. Therefore, without the relatively reasonable constitutive model of gangue concrete, it is difficult to make finite element analysis results identical with experimental results. (2) To remedy the defeat of the constitutive model of gangue concrete, the spring model can be used to simulate the bond-slip between rebar and gangue concrete. However, the spring model provided by ABAQUS 6.10 only reflect well the bond-slip under the static loading. Also, the computation convergence is hard to realize with the spring model. As a whole, finite element analysis curves conform well to experimental curves and therefore finite element analysis models are able to complete the research content and purpose. Figure 7 shows the comparison of skeleton curves of exterior connection with one beam and interior connection with two beams between finite element analysis results and experimental results. Table 1 shows the comparison of characteristic loads between finite element analysis results and experimental results of the rebar-penetrated connection. The comparative analysis demonstrates that the difference of the bearing capacity between finite element analysis and the experiment is less than 10%. Based on Figure 6 and Figure 7 , it is clear that finite element analysis results agree well with experimental results in the elastic stage. After ultimate bearing capacity, finite element analysis results are less than experimental results, but the difference is small. The changing trends of experimental curves and finite element analysis curves are reasonable and accurate. As a result, the models of the rebar-penetrated connection between GCFST column and RGC beam created by ABAQUS 6.10 are accurate and reliable to analyze the cyclic behavior of the rebar-penetrated connection.
Skeleton Curve
STRESS DISTRIBUTION
In order to compare stress state of each component in different stages and analyze properly the force-transferring mechanism of the rebar-penetrated connection under cyclic loading, four characteristic points are marked in the hysteretic curve to describe the development of the crack in the gangue concrete [26] . Figure 8 shows the typical P-Δ curve of the connection between CFST column and RC beam. In the curve, A is defined as the point in which has the first crack in the RGC beam. B corresponds to the yield point of the rebar-penetrated connection. C indicates the ultimate bearing capacity (Pmax) which corresponds to the peak point of the curve. D is the point of failure load (Pu) which is defined as the stage when the load reaches 85% of Pmax. Figure 9 shows the stress distribution (S33) of the gangue concrete filled in the tube corresponding to characteristic points A, B, C and D. Before the ultimate bearing capacity is reached, with the increase of the cyclic load, the compressive zone of the core gangue concrete filled in the tube develops along the length of the column and the compressive stress increases. In addition, when the constant load is exerted in the top of the column, the lateral deformation of the gangue concrete filled in the tube increases. The increase of lateral deformation results in the increasing confinement effect of the tube on gangue concrete filled in the tube. When the cyclic load arrives at the point C, the maximum compressive stress of the gangue concrete is 44.22MPa which amounts to about 1.86 fc' and fc' is the cylinder compressive strength of the gangue concrete. This demonstrates that the tube has an obvious confinement effect on the core gangue concrete and improves the bearing capacity of the gangue concrete to bear the external force. After the ultimate bearing capacity of the connection (point C), the compressive stress of the gangue concrete filled in the tube decreases gradually and then reaches at the failure load (point D). Figure 10 shows the cut views of the gangue concrete filled in the tube corresponding to each characteristic point. As the cyclic load increases, the neutral axis gradually shifts from the tensile zone to the compressive zone. In the transverse section along the length of the column, the stress distribution with the shape of the diagonal compressive strut is formed obviously in the core area of the rebar-penetrated connection. This demonstrates that the shear stress produced by the cyclic load is undertaken by the core gangue concrete. The compressive strut develops and extends with the increase of the cyclic load before the ultimate bearing capacity, and the average stress of the compressive strut also increases. Owing to the confinement effect of the tube on the gangue concrete, the core gangue concrete is subjected to the tri-axial compressive stress so that the compressive stress of the core concrete reaches the maximum value at the point C. After the point C, the diagonal compressive strut continues developing with the increase of the cyclic load, but the compressive stress of the core concrete decreases due to the damage of the gangue concrete. Figure 11 shows the vector diagram of the principle stress between column and beam. It is obvious that the diagonal compressive strut with 45 degree is formed to transfer the stress between GCFST column and RGC beam. This demonstrates that the GCFST column undertakes the shear stress produced by the cyclic load and the stress transferring route of the rebar-penetrated connection is clear and reasonable. Figure 12 shows the shear stress distribution (S12) in the core zone of the connection corresponding to each characteristic point. From the Figure 12 , the shear stress with the shape of diagonal compressive strut is shown along the diagonal direction in the initial stage of loading. With the increase of the cyclic load, the shear stress gradually increases and the maximum area of the diagonal compressive strut is shown clearly at the point B. After the point B, the shear stress continues increasing and the area of the diagonal compressive strut develops and extends. Finally, a short column with the shape of the diagonal compressive strut is formed in the core zone of the rebar-penetrated connection. From Figure 13 , in the initial stage, the stress in the strengthening ring is small. With the increase of the cyclic load, the stress in the strengthening ring increases gradually and the shear stress in the core zone of the connection also increases. Figure 14 shows the shear stress distribution (S12) of the tube and strengthening ring corresponding to each characteristic point. Based on Figure 12 , Figure 13 and Figure 14 , when the rebar embedded in the RGC beam is yielded at the point B, the stiffening ring starts to undertake some shear stress under the axial load in the top of column and the bending moment produced by cyclic load. The stress in the strengthening ring is less than the yield strength of the steel and the strengthening ring is working in the elastic stage. It is obvious that the shear stress in the tube is larger than that in the stiffening rib. Therefore, while the stiffening rib is subjected to some bending moments, its primary function is to transfer the bending moment to the GCFST column and the majorities of bending moments produced by cyclic load are undertaken by the GCFST column. Figure 15 shows the stress distribution (S22) of the GC beam corresponding to each characteristic point. In the initial stage, the tensile zone of the GC beam is very small and the compressive zone develops along the length of the beam with the increase of the cyclic load. In the meantime, the tensile zone develops from the top surface to the middle part in the beam. The maximum stress of the GC beam concentrates on the part in which it is connected to the strengthening ring, and the beam finally collapses in the part. This meets the requirements of the seismic design principle that "strong connection and weak construction members, strong column and weak beam". The development process of the equivalent plastic strain of the GC beam corresponding to each characteristic point is shown in Figure 16 . From Figure 15 and Figure 16 , it is clear that the initial crack appears in the part of the beam in which it is connected to the strengthening ring. This phenomenon agrees well with the experimental results. With the increase of the cyclic load, the crack is developed along the length of the beam and the width of the crack increases. At the point B, a visible crack is shown in the part of the beam in which it is connected to the strengthening ring.
Gangue Concrete Filled Steel Tubular Column
Reinforced Gangue Concrete Beam
After the point C, owing to the fracture of the gangue concrete, the bearing capacity of the rebar-penetrated connection decreases and the damage is gradually aggravated with the width of the crack increases. At the failure point D, a wide crack, which is penetrated through the depth of the beam, is formed in the same part of the beam. It is clear that the gangue concrete beam collapses, which means the composite structure fails. The development of the crack in the finite element analysis is the same as the experiment phenomenon. Figure 17 shows stress distribution (S11) of rebar embedded in the GC beam corresponding to each characteristic point. With the increase of the cyclic load, the stress of the longitudinal rebar increases gradually and the shear stress undertaken by stirrup also increases. Under the axial load and the bending moment, the longitudinal rebar is yielded at the point B. This demonstrates that the rebar-penetrated connection is yielded and then enters into the elastic-plastic stage. When point C is reached, the stirrup is yielded under the shear stress and the majority of shear stress is transferred to GCFST column by stiffening ribs. After the point C, the stress of the longitudinal rebar increases, but it does not exceed the ultimate strength of the steel. This illustrates that the bending moment is endured by the longitudinal rebar. Figure 18 shows stress value curve of the longitudinal rebar along the length of beam at point C. It is clear that the maximum stress of the rebar concentrates on the connection part between the beam and the strengthening ring. The maximum value of the stress 415.45 MPa exceeds the yield strength of steel (fy), but other parts of the rebar still work in the elastic stage. The stress of the longitudinal rebar are identical in the region below the strengthening ring. This demonstrates that the strengthening ring endures some bending moment produced by the cyclic load and therefore the strengthening ring plays an important role in undertaking the bending moment. Based on the stress distribution of the rebar-penetrated connection under low cyclic reversed loading, different finite element analysis models are created by changing the primary parameters to further analyze the behavior of the rebar-penetrated connection and remedy the experimental defects. The primary parameters include the axial load level, compressive strength of gangue concrete, steel ratio, and the width of the strengthening ring. The paper creates 15 finite element analysis models of the rebar-penetrated connection between GCFST column and RGC beam. The material parameters and geometrical parameters are shown in the table 2. Figure 19 shows the bending moment (M)-rotation (θ) hysteretic curves of 15 connections computed by ABAQUS 6.10. Figure 21 . Effect of n on Initial Rigidity Figure 20 shows the effect of the axial load level on skeleton curves of the M-θ curve under the condition to keep other basic parameters unchanged. Figure 21 shows the effect of axial load level on the initial rigidity. Based on Figure 20 and Figure 21 , (1) under the cyclic loading, the axial load level has a clear influence on the flexural capacity of the rebar-penetrated connection. As the axial load level increases, the whole curve shifts up and the ultimate flexural bearing capacity increases gradually. (2) In the initial stage, the skeleton curve is almost linear and the length of the elastic stage increases with the increase of the axial load level. The initial rigidity of the connection increases gradually and almost presents the linear increase. (3)With the increase of the axial load level, the rigidity of the connection in the hardening stage increases. In the paper, the wall thickness of tube is altered to change the steel ratio under the condition to keep other parameters unchanged. Figure 22 shows the effect of different steel ratio on skeleton curve of M-θ curve. Figure 23 shows the effect of steel ratio on initial rigidity. Based on Figure 22 and Figure 23 , (1) under the cyclic loading, the connection with larger steel ratio has longer elastic stage and the initial rigidity of the connection with steel ratio of 0.106 is bigger 26% than that of connection with steel ratio of 0.056. Therefore, the steel ratio has a significant influence on the elastic stage of curve. (2)With the increase of the steel ratio, the flexural bearing capacity of the connection increases gradually and the whole curve shifts up without the change of curve shape. As a result, steel ratio has little effect on the shape and variation trend of the curve, but has an obvious influence on the bearing capacity of the rebar-penetrated connection. Figure 24 shows the effect of the width of the strengthening ring on skeleton curve of the M-θ curve under the condition to keep other basic parameters unchanged. Figure 25 shows the effect of width of the strengthening ring on the initial rigidity. Based on Figure 24 and Figure 25 , (1) As the width of strengthening ring increases, the flexural bearing capacity of the rebar-penetrated connection increases, but the shape and variation trend of the curves are barely changed. (2) In the initial stage, the initial rigidity of the connection maintains about 10000kN•m•rad -1 and does not change markedly with the increase of the width of strengthening ring. So, the width of strengthening ring has no obvious effect on the elastic stage of the curve. The ultimate flexural bearing capacity increases gradually with the increase of the width of strengthening ring. The ultimate flexural bearing capacity of the connection with the width of strengthening ring of 80 mm increases by 17% more than the connection with the width of strengthening ring of 40 mm, but the initial rigidity of the connection changes barely. As a result, the width of strengthening ring has an obvious effect on the behavior of the rebar-penetrated connection. Figure 27 shows the effect of the compressive strength of the gangue concrete filled in the tube on the initial rigidity. Based on Figure 26 and Figure 27 , the compressive strength of the gangue concrete filled in the tube has no effect on the mechanical performance of the connection. The shape and changing trend of the curves are not changed with the increase of the compressive strength of the gangue concrete filled in the tube. The initial rigidity of the connection remains unchanged with the change of the compressive strength. The paper focuses on the performance of the connection with the basic design theory "Strong column and weak beam", so the gangue concrete strength has no influence on the bearing capacity of the connection. and does not change markedly with the increase of the gangue concrete strength in the beam. So, the strength of the gangue concrete in the beam has no obvious effect on the elastic stage of the curve. With the increase of the gangue concrete strength in the beam, the length of the elastic stage increases. The ultimate flexural bearing capacity of the connection increases gradually. Therefore, the compressive strength of gangue concrete has a significant effect on the behavior of the rebar-penetrated connection.
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Slenderness Ratio of GCFST Column (λ) In the paper, the length of column is altered to change the slenderness ratio of the GCFST column under the condition to keep other basic parameters unchanged. Figure 30 shows the effect of different slenderness ratio on skeleton curve of M-θ curve. Figure 31 shows the effect of slenderness ratio on initial rigidity of the connection. Based on Figure 30 and Figure 31 , the slenderness ratio has no effect on the mechanical performance of the rebar-penetrated connection. The shape and changing trend of the curves are not changed with the increase of the slenderness ratio. The initial rigidity of the connection remains identical with the change of the slenderness ratio. In the paper, the length of beam is altered to change the stiffness ratio of column and beam under the condition to keep other basic parameters unchanged. Figure 32 shows the effect of different stiffness ratio on skeleton curve of M-θ curve. Figure 33 shows the effect of stiffness ratio on initial rigidity. Based on Figure 32 and Figure 33 , (1) under the cyclic loading, as the stiffness ratio of column and beam increases, the flexural bearing capacity of the rebar-penetrated connection increases and the whole curves shifts up. At the same time, the initial rigidity increases gradually, but the shape and changing trend of the curves are not changed. (2) In the initial stage, the connection works in the elastic stage. With the increase of the stiffness ratio of column and beam, the length of the elastic stage increases and the initial rigidity of the connection increases gradually. The initial rigidity of the rebar-penetrated connection with the stiffness ratio of 1.066 is improved by 70% more than that of the connection with the stiffness ratio of 0.711. (3) As the stiffness ratio of column and beam increases, the ultimate flexural bearing capacity increases and the ultimate flexural bearing capacity of the connection with stiffness ratio of 1.066 is 1.71 times as large as that of the connection with the stiffness ratio of 0.711. As a result, changing the stiffness ratio of column and beam can affect the behavior of the rebar-penetrated connection.
Stiffness Ratio of Column and Beam (k)
CONCLUSIONS
The paper makes finite element analysis on the rebar-penetrated connection between GCFST column and RGC beam to investigate the behavior of the connection under low cyclic reversed loading. The following conclusions are drawn: (1) Based on the comparative analysis on finite element analysis results and experimental results, finite element analysis results are accurate and reasonable so that the finite element analysis models of the rebar-penetrated connection created in the paper can be used to further analyze the behavior of the rebar-penetrated connection. (2) The load-displacement hysteretic curve of the rebar-penetrated connection is full and spindle-shaped. The stiffness degeneration of the rebar-penetrated connection is reasonable. These demonstrate that the rebar-penetrated connection has excellent seismic performance. (3) The strengthening ring is subjected to some bending moments produced by cyclic load and plays an essential function on transferring the bending moment to the GCFST column. The majorities of the bending moment are undertaken by the GCFST column. (4) The maximum stress in the RGC beam concentrates on the part of the beam in which it is connected to the strengthening ring. The beam is collapsed in this part, which fits to the basic seismic design principle "Strong connection and weak members, strong column and weak beam". (5) In the parametric analysis, axial load level, steel ratio, the compressive strength of the gangue concrete in the beam and the stiffness ratio of column and beam have obvious influences on the bearing capacity of the rebar-penetrated connection, but the shape and changing trend of the curves are not affected. The compressive strength of the gangue concrete filled in the tube and the slenderness ratio of the column has no effects on the behavior of the rebar-penetrated connection.
